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SUPERCONOUCTING SEXTUPOLE CORRECTION COIL OPERATING IN PERSISTENT HOO[· 

W. GIlbert, A. Borden, W. "assenzahl, G. Horltz, C. Taylor 
lawrence berkeley laboratory 

Unl.erslty of C.llfornl. 

Abstract 

Error f1elds 10 a dipole due to '!.uperconductor 
magoethatlon and conductor m1spldc.:t!n~nt s dlhJ 
unwanted mult'pole, lI'IiS1nly sextupole dod decapole, 
terms to the desired dIpole f'eld. lwo penhteot 
lltode sextupo1e correction cons inside the bore of 
model sse dipoles helve been bulle dud tested . A 
shorted superconduct'ny sextupole coil hdS a turrent 
Induced In It by the error sextupole fIeld such thdt 
no sextupole field CitO penetrdte Into the proton 
beam region . The correct ton sextupole coils are one 
layer thick and are wound from a single length of 
Insulated compostte Nb-T1 and cupper wire O.bO uln In 
dhmtlter. Each of the sh poles has 16n turns alllJ 
h mounted on a 1. 75 em rdd \us s td In less she 1 bore 
tube. Ol1talh of ttst1nu and trtlllntnu of tilt I.:or 
rl1ctlon cons a"" dtl~crlb"d . hSl n\ulh uf thtt 
measured mdunetlc fhld wlt1dn the lIIodel sse dIpoles 
wtth the correction colh In and out of persistent 
modtl operatIon are prttsented. An electrical heater 
1s used to drive the can out of the pers\stent 
mode. Me4surements of jOint resistance and <:011 
decay time constants are also given. 

Introduction 

The requIred uniformity of the magnetic fIeld In 
the supercolUluctlnCJ beOlltng nklgnets (dIpoles) uf the 
proposed very large Superconduc t Ing Super Co 111 der 
accelerator 15 determIned by the requIrement thdt 
the particle beam remaIn within the bedm dperture 
and not be lost. Ihe allowdble fIeld nunuotforllllty 
Is only about 10- 4 of the guld. ~Ipol. fl.ld. 
[rror f1elds are generated by errors 10 conductur 
pldcement, saturat10n of surroulldlng Iron. aud -1Ik1':J ·· 
nettLdtlon ' clrculdt1l1g currellts flowlnCJ In the 
fllamellts of the 'iiuperconductur. The~e fields i.ln~ 
ldrye ellouyh to require correction cons to d(hleve 
thIs fl . ld unlfomlty l •• el. 

For a magnet with dIpole synmetry, the only fIeld 
errors from the dboye Cduses d I lowed are htyher odd 
multlpoles, v1z . • sex tupole, decapole, etc. 11 
there are conductor placement errors that dre not 
'lYlTlnetrlc, even rnultlpoles Cdn aho be present. For 
the 'ffidgnetlzatlon- effect. the error fIIL,.IIt1polt! ~ 

decrea~e rapidly with locreaslllCJ number and we need 
only concern ourself with the sextupole and decdpole 
Induced fIeldS. 

Several small aperture dipole mdgnt!ts have beefl 
built and tested at the lawrence aerkeley ldboratory 
as part of the sse Research and lJe¥elolJment pro
gram. The systematic -magllettzdtton ' ftelds hdve 
been measured and agree well wHh present theory . 
Superconducttng sextupole correct Ion col h have been 
operated with two of the dIpoles . 

These correction coils are placed 
dipole aperture to produce a sextupole 
field at the particle bedm location . 

In, Ide the 
free dipole 
These cor-

- This work was supported by the Director, Office of 
[neryy Nesedrch, Oft tce of "1gl1 (nergy and Nuclel1r 
Physics, High Energy Physics utvlston, u .s. Dept . ot 
Energy, under Contract No. OE-AC03 - 1bSfOOU'U. 

rectlon coils can be powered by an external current 
supply. They can .lso be self-powered by s hortlflg 
their leads so as tu form d pershtent super
conductlny circuit. 

Hodel sse Ma9nets Sextuuole Error Fields 

The sma 11 aperture d Ipo Ie magnets that we ha ve 
been developlny dlld test1nu are dpproxtnklttoos dlld 
vdrtdtlons of the sse Keference De s Ign A dipole (see 
Kef. 1). These two ldyer mdgnets with a close-In. 
cold-tron retUI"" Is s hown 10 cross sectton In fig. I 
alld Is described In 11I0re detall tn Ref. 2. The 
~uJ.lerconductlllg Hb- Tt ftldnlt!nt s are some 22 microns 
diameter '" the tns lde ldycr and some 11 mlcron~ 
dldmeter 'n the uutstde ldyer . Circulating cur
rents, wh'ch are set up In edch superconducUny 
'111111Lunl d\ til" dlpoltt fhld Is rall1ped up dud down. 
rt!~utt In pers istent - current 'deneruted highe r multl 
pole err'or fields. fIgure 2 shows the sext upol e 
IIM.lflwnt, at 1 cm radiu s, for l1\dunet 0-12A- l. caused 
by tllh effect. The COn'iit4nt offset Is due to 
construct\on errors. There are similar, but 
r~duced, field errors for the higher mu1tlpoles . 
Froln accelerator th~ory considerations, the 
s .. tupole should be Ie .. thdn one unIt (1110,000 t he 
dIpole fIeld) o.er the entIre fIeld sw Ing of the 
nklynet dS compared wUh the 30 unU s at an 
tlljec;tlon fl~ld of 0 . 3 hsla as shown In fig. 2. 
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A satt~factory theory of the magnetization of the 
Nb- Tl fl laments thruuyh the yenerat ton of 
per 'l I stent - current doub lets f rom changes in the 
dIpole fIeld hd' been de.eloped by H. Gree nJ and 
tile calculdted fields. are In good agreement wUh 
medsUrement. 

nux Ulocldnq V'd Se lf - Correct1nq Hi.lrmon1c Coil 

The sextuJ)ole fteld generdted In the dipole coil 
Is opposed by the field yenerdtcd In a sextupole 
correctlun coil pld ced between the particle bedll 
reljton dlld Ule dipole (otl. The first prdctlcdl 
dClllUuHrdtton of tll\!. technique WdS drt ~AClAy . 4 
If the (orrectlllg coil Is superconducttng, and put 
tn the persistent mode by soldering the leads 



together, the c011 w111 have zero or very Sffid 11 
re s htance . The n according to lenz ' S lclW, the totdl 
flUl( through the clrcutt Is consUnt. If tlltt totdl 
flul( h In1t'411y zero, the Inducud curr.,,,t I I" tlltt 
clrcutt Is g'ven by : 

LI ... 'ext ·0, where l 15 the c'rcutt 'ndU(tIiIlCtt 

Thh current Is continually opposed to the varia 
tions of the appl1~d flu x and consequent ly correct-:. 
the unwanhd harmonl,. 
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Figure 2. The sextupole moment measured a t em 
radius In ffidwnut D-llA- 1 as the current 15 Inc:reiJselJ 
and thttn decreaSild . 

Design and Construc tion of the Sextuuole 
Corrt!Ction Con 

Three correction calls have been cons tructed 
ustn/) sOJJewhat different fahdcation hchllh~ues . 
The compos ite multtfl1ament Nh-JI In copper round 
wire 15 0 . 50 rrm tn diameter, ha s organic In s ulation, 
dnd an overall diameter of 0.60 nln. A sl"'.Ile le'lljth 
of conductor 15 us ed for the enUre winding s o the 
only resistive joint Is at the solder~d efld . ltle 
flnt col1 was wound as six 1dentlcill fldt pdllcakes. 
12 turns per pole, epoxhd together and then trdns 
ferred to the outer surface of d stainless steel 
bore tube . Col1 tes t1ny. for dipole field to s~ x tu 
pole call coupl tog . WilS performed In a large uniform 
beilm ha ndl1ng dipole . It was found that vdr\dtlons 
tn the effective pclncake areas resulted tn dl~ole 
f'eld coupling of the order of 1- 2 percent anll a 
special dipole cancellation loop h.sd to b~ added tu 
the sextupole coil to reduce thi s. 

The second and third coils were wound as 
cyl1ndrlcal shells on spiders over s tdlnle s s steel 
bore tube s and then moved rddlally Inwdrd Ollto the 
bore tubes. The second and third corr~ctloll coll ~ 
wefe cOllstruct~d using more precise conductor dltYII 
n~nt techniques . Only 10 (rather thall 12) turrl S 
were used In each of the 6 cot Is. A relerl:llce lille 
along the length at the call form WdS e s tdb' hh~d 
optically to 0.05 nm. This same tolerance w.s s m.s\n 
t41ned for the pos It 10nlng of the other (OIllJuC
tors/colls relat1ve to the refere nce Hlle. The 
dipole to sex tupoh~ coupling was reduced JS abuve 
and. after the dipole cancellatton loop was ddded, 
the final coupl1ng was very ~mall. The outer rddlus 
of the bore tube 15 1 . 15 cm; the coils are 1. 1 meter 
and 1.3 meter long . An electrical heater ove r tile 
conductor In the region of the short~d end leads 15 
used to drive the clrcutt out of the pers'stent 

mode . A 10 em long solder joint was used 'n call 2 
and J 26 cm long Joint III call 3. 

Thtt second .snd third calls wtJre hsltld using tlla 
!l.dRlV equlpn.ent ( SUI.pl I~d hy the magnet measureroonts 
'droup) dS Wo.lS u~ed for the fln.t coil. Howev.,r, <II 

IIl'W mountlnu fhture w.ss I1kHJtt thllt o.Illowvd the coil 
tu be rotllted ~moothly. TIle effecUve dipole ared 
ot th~ call. a ~ constructed, was 26 . 1 C102 . The 
el fet:tlve sextupole area of the coil Is some 3000 
cm2. A dipole compensating w\ndlnu was made from 
one of the two col1 leilds and wa s placed on the 
correction col' In the dppropdalt! circumferential 
po~1tlon In the centrdl r1eld region (rather than 
the end fleld reglon) The fllldl dipole Hnk.ge Wd< 1 
reduced tu 0.25 em2, willeh ls about 1110,000 of 
the sextupole cotl area. dnd 1s sn~ll enough for the 
call to be used as a self - correcting element. 

Tests of Se'f - Power~d Sextupole Calls 
In Mudel DIpole s 

MdQnt!t O- 12A- 2 

figure 3 s hows the sextupole reduction In dipole 
O- llA-2 with thd ~elf -powered cull up to the mdxtmulR 
dl~ol e f'eld of 6 . 5 T. Integrdhd fteld values are 
~hown and the large negative offset In the uncor
r ected mdynet Is cau~ed by very large sextupol e 
fieldS tn the tnltldl version of the newly developed 
fldred out ends. Another. possibly better. way of 
present lug the datet 15 to dlspldy the seatupole. at 
the beam radius of 1 em, In gauss as h domt 1n 
fly. ~ for the low fleld reylun and ln flg. 5 for 
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flyure 3. Sextupole moment for magnet 0-12A-2 with 
and wIthout operating sextupole correction toll. 
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Flgure 4. Sextupole fleld for fIldgnet 0- 12A- 2 w1Lh 
and wUhout correction co\1 OYer low fI~ld region. 

the entire field range. 
tlon 1s excellont but a 
s~rved at higher fields 
IIItChdnlcal deformation. 

At low field, the correc 
qUddrat1c departure Is ob 
dnd Is appartutly due to 

The effect1 ve res 15 tdoce of the pers 1 s tl'nt mode 
sex tupole coil h det e rm'n~d by n~a s ur1nu the decdY 
rate of the trapped sexlupole field when the current 
III the dipole magllet h reduced to lero. A ldrge 
sextupole fIeld Is trapped by energtzlng the hedter 
on the ,"xtupole coll when the dlpole 1s at hlyll 
field. The heater is then turned off and the dllJoltt 
current 1s al so turned off . The Illedn decay time Wd'i 
48.6 hours, th~ c01l 1nductance 15 cdlculdted to be 
6.47 x 10- 4 henry, leddlng to an eff~l.llve circuit 
res15tdnce of 3.7 It 10- 9 ohm. This re s htdnce h 
higher thdn thdt expected for d 10 em long ~oldcr 
joInt. but there was some questIon a s to whether the 
correct solder was used since th15 solder contdillcd 
SOfUe s 11 Y~r . 

"d9not 0- 128- 1 

A thlrd sse model magnet, IoIlth lmproved ends, h 
0-128-1. The thlnl correction (011 Wd'i lOflyer thdn 
the one d15cu s s~d above (1.27 meters vs 1 . 08 IUctt: n. ) 
and Un:! s older used for the end joint Wd S ~O perccnt 
1~ad -50 lJerceot tIn. whIch hi pres ulllt!d to be s upcr 
conduct\flg In the low fteld region. Aho the end 
jotnt was lengthened to 2b em (from 10 CIII) . 

The test ddta are shown In sextupole moment unit s 
In fIg . . ~ and one can see thilt the Integrdted sextu 
pole con~onent for the uncorrected mdgnet 15 much 
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Fluure 5. Se.tupole flold for magno( D- 12A-2 IoI lth 
dod without correctIon coIl ovttr entIre field 
regIon . 

boltor than the prevlous magnet, Flg. 3. The lm
provellient with the sextupole coil operating can al so 
be seell . A fahe mdYflet trIp signal when the magnet 
Wd~ belnIJ ramped from 1 to 2 kA allowed 8 to 10 G of 
~t!x lupol e to enter th~ bedm aperture regIon. The 
Cduse of thts flux penetrdtton 15 unknown; fast 
current rundown (0.1 sec) ffidy hdye quenched the 
scxtupule coIl. As a re~ ult of thl~ perturbdtlon 
tile cOfTecled curve Is not centered about Iero field 
dud the run could not be repealed as the exper iment 
'Wd~ ended for other rea s on s . 

The ""'dn decoy tlme for thls coll was 181 hours . 
The Cdlculdted Inductance of 7.5~ x 10- 4 H result s 
ln an effectlve clrcult reslstance of 2 .1 • 10- 10 
OIII1lS. 

DI sc uss ion of Re s ults 

a. SuccesS of Self - Corrcctlng Sex tupole Call 

The pers i s tent n~de sextupole correcting coil 
o~erdted d S expected dnd reduc ed the e rror s e xtupol e 
fhdd from lhe dipole by d fdctor ranging fro l1l fiv e 
to ftfteen. This shIelding fdctor may already be 
enough to allow for this type of fhdd correction In 
cl nldjor dccelerdtor. Son~ red sons for the lack of 
perrect shielding dre discussed below . 

b . ~ex tupo l e due t o sex tupole co l1 deflec ti on 

A qUddrdt Ic dependenct:' of the corrected sextupale 
field un central dipole field CdO be ohservetJ In 
Fly . !l _ Hit s I s duc to a curnnt Induc ed In the 
call by d dipole coupllny, which 15 Cdused by the 
lorentz fo rc e on the sextupole coil. Thi s force, 
dnd the subsequent dipole moment dod deflection are 
proportlondl to the product of the dlpole fleld and 
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F19ur~ 6. Sextupole moment for magnet D- 128- 1 

the uncorrected sextupole field. whtch 's 4pproxt 
mately proportional to the fhld '!!qu4recJ . A 
complete d1scusslon 15 glv~n '" ISO LUl 'nterndl 
note~. The deflect ton could obv'ously be reduced 
by using Ii thicker construction tube for the cotl. 
stnce the final dipole nldgnet will hdve d much 
smaller sextupole component than the se early l1Iodel~. 
the sextupole correction current cUld the sub'lequcnl 
lorentz force will also be much reduced. 

c. Residual sextupole due to mhal1gnment of dIpole 
and se.tupole cotls 

An auxIlIary experIment wa, done wIth the 0- 128- 1 
magnet to which the sextupole cotl operdt~lJ d') dn 
t!xt~rndlly puwered correctton ehment. Current waS 
fed tnto the correction cotl through two ')~)U(.ldl 
current leads with the hedter enerlJIlelJ . At d tJI 
pole curr~nt of 1000 A, ttle sextupole current WdS 
varied to yield the mhlnlum net sextupule f hltJ . 
The ralnlmum, which occurred at 0 . 0 A, was 5 percetlt 
01 the orlglnol Ileld, and at an angle ollllo,t 90 
degree, out 01 pho,e wIth the orlylll.1 error f lel~. 
Thh h cons1stent with the dipole dlJd sextupole 
col Is being oriented some 3 deyrees with r~spec t to 
each other . Upon d Isa s semb ly. measurements (011 -

lImed that the fftl,ollgnlllent was III the 2 to J 
lJeljree range. Future assembl1es will be Jllynl::d 
ntOre prec1sely. 

d. Other ~a UHtS for ld ck of complete cdncellslt10n 

The sextupo1e co11 Is In the form of d untrann 
current density block but wHh a relat\Yely 'SltkllI 
number of turns per pole (10) The cdl c ulal~lJ 
coupl lng, or overlap Integral, for this geon~try Is 
about 98 percent. 6 HIgher multlpole Ileld' dre 

4 

yene rdted by the sffidll number of current carrying 
wtrt!s - this effect hdS been est lmated to be some 2 
Lo 3 percent. These two effects alone could reduce 
the correction efficiency to some 96 percent . We 
slrt! afldlyllny other pos s ible relJuctlon sources. L e. 
elllJ dfects. 

e. Hme ConHant'S 

(I) Mni> 
llie jotnt re s istance s quoted, 3 . 7 x 10- 9 and 

2. 1 x 10- 10 01101, are somewh.st higher thdn we ex
pectelJ from preylous experiments cdrrled out on 
')horter jolnts. 1 However, the lower value of 2 . 1 
x 10- 10 ollm, 15 s.t 1,Iactory lor a lull length 
correction element sOllie 11 n~ters long sloce it 
woullJ result In III mean decay time of greater than I 

one year. Mesearch is cont toulng on reduc lng the 
JoInt resl'tance 'tIll lurther . 

(II) Flux penetratIon .t hIgh B- dot 

The one magnet trIp In whIch the dIpole magnet 
did not yo normal but flux WdS pumped Into the be all 
relJlon WdS either a case of the sextupole COlliS 

gol"U norma 1 for a short time or represents some 
8- dot Hiatt thdt was exceeded. Future tests on the 
flux rdte capdbtl It les of these correction col1s are 
p hnned. 
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